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pine alone increased jejunal absorption of Na and HCO, and acidity of perfusate, implying that cholinergic nerves influence transport. Norepinephrine augmented jejunal absorption of Na, C1, and H20, but caused no change in PD. In ileum, norepinephrine increased absorption of Na and Cl, reduced the rise in pH, increased the rise in PCO* of perfusate, but did not affect net HC03 movement.
With all agents, when Na absorption increased, perfusate became more acidic in jejunum and less alkaline in ileum, evidence of an association between Na and H transport. cutting the splanchnic nerves caused fluid secretion in the small intestine of the cat, whereas stimulation had the opposite effect. The secretion was enhanced by physostigmine and reduced by atropine, implying that the secretion was initiated by acetylcholine. As early as 1892, Reid (12) discovered that the choline@ agent, pilocarpine, caused the rabbit ileum to secrete fluid in vitro, and in Tidball's (15) studies of chloride and water transport in the dog jejunum, bethanechol caused secretion of both (15). More recently, epinephrine and norepinephrine have been found to increase the absorption of sodium and chloride and to'reduce the secretion of bicarbonate in the isolated rabbit ileum in vitro (2).
However, there has been no study of the influence of cholinergic and adrenergic agents on the transport of the major monovalent ions and water in both jejunum and ileum in vivo. These studies fill that need.
METHODS
Male Holtzman rats were fasted overnight and anesthetized by injecting pentobarbital (45 mg/kg) into the peritoneal cavity. A 20-cm segment of proximal jejunum was cannulated at each end, washed with 20 ml of saline, and flushed with air. A 20.cm segment of distal ileum was similarly treated. A tracheostomy tube was inserted. Solution was perfused once through the segments with a syringe infusion pump at the rate of 0.41 ml/min during two 30.min periods. The input syringe, intestine, and collection syringe attached to the distal cannula formed a closed system which minimized leakage of CO,. Before each perfusion period, the intestinal lumen was washed with the perfusion solution and was flushed with a mixture of O2 and 56% CO, (gas). At the end of each period, collection syringes were removed and capped, and any fluid remaining in the segments was flushed with gas and discarded. After the second period, the segments were removed, stripped of mesentery, and weighed.
The perfusion fluid had the following composition (mM): Na, 145; K, 5; HC03, 25; Cl, 125; mannitol, 25. All solutions were gassed and had an initial pH ranging from 7.35 to 7.45. Polyethylene [ 1,2J4C] glycol (['"Cl-PEG) was used as a nonabsorbable marker to permit calculation of net water movement.
The pH and Pco2 of the luminal fluid were determined soon after collection with a capillary pH electrode and Pco2 electrode designed for small samples. Bicarbonate was calculated with the Henderson-Hasselbalch equation using a pK' of 6.1. Sodium and potassium concentrations were measured with a flame photometer and chloride was determined with a coulometric chloridometer. The concentration of [14C]PEG (counts/min per ml) was measured with a scintillation counter. The osmolality (mosmol/kg) of perfusion fluids was measured by the freezing-point depression method.
"Initial" chemical determinations were measured in samples of fluid obtained from the input syringes and samples of fluid for "final" determinations were obtained from the collection syringes after each collection period. Fluid remaining in the segments was discarded.
Net fluxes of ions and water were calculated as follows:
PEG, are the specific activities of [W]PEG (counts/ min per ml) measured in the initial and final samples. V is the volume (ml) of perfusion fluid pumped into the segment in 30 min; g WW is the wet weight of the intestinal segment in grams. (Thus J\z is expressed as micromoles x (30 min)-1 x (g WW)-l , and J$$' is expressed as ml x (30 min)+ x (g WW)?) The signs preceding the net flux measurements indicate movement into (+) or out of (-) the lumen.
Changes in the Pco2 of the luminal fluid are expressed as APco, and were calculated by subtracting the initial Pco, from the final Pco,, i.e., APco, = final Pco, -initial Pco,.
To measure transmural electrical potential difference (PD), bridges of saturated KC1 in agar were used. One bridge contacted the fluid perfusing the intestinal lumen and the other was placed in the peritoneal cavity. Electrical contact with a sensitive voltmeter was made through calomel half-cells. The voltmeter was read every minute during the control and experimental periods. The studies of PD and transport were not performed concurrently.
Heart rate was monitored continuously with an electrocardiograph and was determined by counting the number of beats per minute at lO-min intervals during the perfusion periods.
The statistical significance of differences between means was determined with the t test for paired samples.
Control Studies with Saline
In order to assess the influence of time on mucosal function, an intravenous infusion of saline was begun 1 min before the beginning of the first perfusion period and was continued throughout the 2nd period at the rate of 1 ml/30 min. This study was done at a different time and by different personnel than the studies with the autonomic agents, and the intestinal segments were 30 cm in length. For this reason, the mean values for flux measurements differ somewhat from those control values of the drug studies, and the changes in pH and Pcoz of the perfusion fluid are greater.
Studies with Pilocarpine
Two minutes before the start of the 30-min control period, period 1, 0.9% saline (1 ml) was injected subcutaneously. Two minutes before the start of period 2, pilocarpine hydrochloride was injected subcutaneously in a volume of 1 ml. The effects of three doses were studied: 0.2 mg/kg (n = 4), 2.0 mg/kg (n = 4), and 20 mg/kg (n = 8). The dose of pilocarpine denotes milligrams of pilocarpine base rather than the hydrochloride salt.
Studies with Pilocarpine plus Atropine
At the end of the control period, 0.8 mg of atropine sulfate (mean dose = 3.7 mg/kg) was injected intravenously in a l-ml solution. A'fter 10 min had elapsed pilocarpine, 20 mg/kg, was injected subcutaneously and another minute was allowed to pass before the commencement of period 2 perfusion.
Studies with Atropine
Two minutes before the start of the control period, 2 ml of saline was injected intravenously. Two minutes before the start of period 2, atropine sulfate 1.6 mg (mean dose = 5.5 mg/kg) in a volume of 2 ml was injected intravenously (n = 8).
Studies with Norepinephrine
One minute before the beginning of the control period, intravenous saline infusion was begun at the rate of 1 ml/30 min. Intravenous infusions of norepinephrine were begun 1 min before the start ofperiod 2 at a rate of 1 ml/30 min. Three dosages were used: 0.1 pg/min (mean dose 0.32 pg/min x kg-') ( n = 4); 1 .O pg/min (mean dose = 3.9 pglmin x kg-') (n = 8); and 5.0 pgl min (mean dose = 19.5 pg/min x kg+) (n = 4). In preliminary studies, doses of 10 pglmin caused death in two of four rats. Norepinephrine dosage is expressed as the base equivalent.
RESULTS

Saline
The only significant change that occurred between the first and second periods of perfusion was a small reduction in bicarbonate absorption in the jejunum (Table 1).
Pilocarpine
Within 2 min of the subcutaneous injection of pilocarpine, 20 mg/kg, the transmural PD of the jejunum increased and remained elevated for 15 min, after which it (Fig. 1) . At a dose of 0.2 mg/kg, pilocarpine did not reduce heart rate. At doses of 2.0 mglkg and 20 mg/kg, however, heart rate diminished by 13% and 50% when the mean cardiac rates during period 2 were compared with those of period 1. At the highest dose, rats salivated copiously.
In the jejunum, 20 mg/kg of pilocarpine significantly reduced the absorption of sodium, potassium, chloride, bicarbonate, and water; the jejunal perfusate became less acidic and the Pco2 rose by a smaller amount than the control (Table 2) . Part of the reduction in bicarbonate absorption is attributable to a change in mucosal function with time, for when saline is infused in the second perfusion period, there is usually a reduction in bicarbonate absorption and the acidity of the perfusion fluid associated with a reduction in magnitude of the increase in Pcop (Table 1 and unpublished observations).
In the ileum, 20 mg/kg of pilocarpine caused secretion of sodium and water, reduced the absorption of chloride and elicited the secretion of potassium ( rise as it did in th ! control. Bicarbonate transport was not affected significantly.
-8h PILOCARPIME ZOmg/kg + Pilocarpine plus Atropine Intravenous injection of 0.8 mg of atropine sulfate abolished the change in cardiac rate caused by pilocarpine 20 mgfkg alone. In the control period, the mean t SD cardiac rate was 374 t 54 beats/min; after pilocarpine and atropine, the mean rate was 372 t 47, and rats failed to salivate as they did when only pilocarpine was given.
Atropine prevented the changes in jejunum and ileum induced by pilocarpine alone. However, the treatment increased bicarbonate absorption from -101 to -112 pm01 X 30 min-l X g WW+ in the jejunum (P c .05), and increased potassium secretion in the ileum from 0.4 to 4.4 pm01 X 30 min-' X g WW-' (P C .05). When atropine sulfate 1.6 mg was given intravenously, the mean t SD cardiac rate decreased from 328 + 35 in the control period to 285 t 25 beatslmin in the -treatment period. In the jejunum, atropine enhanced the absorption of both sodium and bicarbonate and lowered the pH of the perfusate (Table 4 ). In the ileum, the rate of bicarbonate secretion diminished. was infused intravenously at a rate of 1.0 pg/min, there was no obvious change in PD. At an infusion rate of 0.1 Fg/min, the mean heart rate diminished by 4%. At rates of 1.0 and 5.0 pg/min, however, the rate increased by 15 .and 17%. All rats salivated at the highest dose.
In the jejunum, norepinephrine augmented the absorption of sodium and water, and elicited absorption of chloride, but did not significantly affect the net move- Test of significance of differences were calculated only for the dose of 1.0 pglmin (n = 8). At doses of 0.1 and 5.0 pg/min, n = 4. *P < .Ol; TP < *Ml. (Table 5 ). The jejunal perfusate became more acidic and its PCO~ rose as the norepinephrine dose was increased, but neither change was significant.
In the ileum, norepinephrine caused no significant trends in net movement as the dose was increased, although at the two higher doses, Na and Cl absorption increased. At the highest dose, perfusate alkalinity decreased and the PCO~ increased (Table 6) 
Judging from the changes in the transmural PD measured in the jejunum, the highest dose of pilocarpine, 20 mg/kg, began to influence ion transport within 2 min of subcutaneous injection and the effect persisted for 15-20 min, i.e., about half of the perfusion period. Hence it is likely that the effects observed could have been elicited with lower doses if the agent had been infused continuously during the entire period. The heart rate, on the other hand, diminished for the entire period. Thirty minutes after injecting pilocarpine, the mean cardiac rate was 193 t 32 beatslmin in contrast to the control rate of 362 t 37 beats/min, indicating that the heart is more sensitive than the intestinal mucosa to pilocarpine. The changes in jejunal transmural PD are similar to those in the study of rat jejunal sacs in vitro in which an increase in transmural PD produced by acetylcholine was augmented by neostigmine and antagonized by atropine (5). In the jejunum of the dog, bethanechol increased the lumenal negativity of the transmural PD (15)
Jejunum. The changes in PD were associated with highly significant changes in the net movement of sodium, potassium, chloride, bicarbonate, and water. This change in the direction of net ion movement is consistent with the studies of Wright et al. (18) who found that another cholinergic agent, physostigmine, caused secretion in the small intestine of the cat. Tidball (15) observed that bethanechol caused secretion of chloride into the canine jejunum against the electrochemical gradient. This was also true of our study in rats, in which there was a net movement of Cl ions into lumenal fluid whenthe Cl concentration ranged from 126 to 132 mM in jejunal fluid and the PD ranged from 5.4 to 7.1 mV (lumen negative). Assuming that the serum Cl concentration of our rats was 100 mM, Cl moved into the lumen against an adverse electrochemical gradient (Table 2) . However, chloride also moved into the lumen against a probable adverse electrochemical gradient in the control period before 0.2 mg/kg'of pilocarpine was given (Table  2) . Active chloride secretion has also been noted in rat jejunum in vitro as part of a neutral secretion of sodium chloride that is increased by absorption of sugars and amino acids (10, 14).
With pilocarpine, the fluid also became less acidic in its passage through the segment (Table 2 ). This could have been caused by a reduction in the rate of hydrogen ion secretion (6), but that is probably not the only explanation.
If it were, one might expect much less of a rise in Pcoz at the 20 mg/kg dose of pilocarpine where the reduction in bicarbonate absorption was greatest. The changes of Pco2 were similar at all three doses, however.
Other possible explanations for the diminished acidity of the perfusion fluid include a reduction in the absorption of bicarbonate ions and an augmented movement of bicarbonate into the lumen. Ileum. At the highest dose, pilocarpine caused secretion of water and sodium, enhanced the secretion of potassium and reduced the absorption of chloride (Table  3 ). There were no significant changes in bicarbonate movement, implying that pilocarpine does not affect the chloride absorption mechanism that is linked to bicarbonate secretion in the rat ileum (7, 8, 11). The final pH of the luminal fluid was higher and the final Pco2 was lower when pilocarpine was given although the final bicarbonate concentrations in the control and pilocarpine studies were almost identical (30.2 t 1.1 vs. 30.3 t 1.8 mM). The bicarbonate concentration of ileal fluid is generally thought to be the main determinant of its pH. Why then is the pH higher in the pilocarpine studies? The absence of a rise in Pco2 suggests that there was a reduction in the secretion of hydrogen ions, or that there was an induction of hydroxyl ion secretion like that seen in the rabbit ileum exposed to choleragen (9). A reduction in hydrogen ion secretion might be linked to a reduction in sodium absorption as proposed by Turnberg et al. (16) for human ileum.
Although changes in intestinal motility may have contributed to the differences in net ion movement caused by pilocarpine, they could not explain a change in the direction of net water movement (Table 3) , nor the abolition of water absorption (Table 2 ). The change in transmural jejunal PD also indicates unequivocally that pilocarpine altered the rate of ionic movement across the mucosa.
It is of some interest to compare the changes in transport caused by pilocarpine and cholera toxin. Cholera toxin causes fluid secretion throughout the small intestine, but the highest rate is in the jejunum (13). This contrasts with pilocarpine, which diminished the rate of fluid absorption in the jejunum, but induced secretion only in the ileum. It is not possible to compare the relative efficacy of cholera toxin and pilocarpine as intestinal secretagogues because they have not been studied in the rat under comparable conditions.
A tropine
The heart rate diminished when 1. ZZeum. In the ileum, bicarbonate secretion was diminished by atropine, but there was no significant change in the transport of chloride, suggesting, as in the case of pilocarpine administration, that the mechanism that links bicarbonate secretion and chloride absorption was not affected. In contrast to atropine, pilocarpine affected chloride without influencing bicarbonate transport.
Pilocarpine plus Atropiw
Atropine antagonized the action of pilocarpine in jejunum and ileum. In the jejunum the absorption of bicarbonate increased by 9 pmol x 30 min-l x g WW-' (P < .05), as it did when atropine was given alone (Table 4 ). In the ileum, potassium secretion increased by 4 pmol x 30 min-' x g WW-I (P < 0.5). The ability of atropine to block the changes induced by pilocarpine confirms that these changes were caused by pilocarpine's cholinergic muscarinic properties.
Norepinephrine
When norepinephrine was infused at a rate of 1.0 pg/ min, absorption of sodium, chloride, and water in the jejunum was enhanced and the trend persisted when the infusion rate was raised to 5.0 pg/min (Table 5 ). In the ileum, norepinephrine increased the rates of absorption of sodium, chloride and water at all doses, but statistically significant differences were not obtained until norepinephrine was given at the highest rate of 5.0 pgld.
The transmural PD in the jejunum did not change at the dose of 1.0 pg/min that caused significant increments in the absorption of sodium and chloride. This is compatible with the view that norepinephrine affected the coupled transport (absorption) of sodium and chloride, the mechanism proposed by Field and McCall (2) to explain the effect of norepinehrine on isolated ileal mucosa of the rabbit. It is also consistent with a system in which sodium was absorbed and hydrogen secreted-a sodium-hydrogen "exchange." The significance of PD changes in the intestine must be regarded with caution, however, because changes in PD that might result from changes in active transport across the cell may be diminished by the passive ionic movement through the 
